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We	 demonstrate	 a	 280-Gbit/s	 free-space	 SDM	
communications	link	incorporating	a	set	of	independent	
tilted	truncated	plane-waves,	each	generated	by	a	single	
mode	 fiber	placed	at	 the	back-focal	plane	of	a	 spherical	
lens.	 Each	 of	 the	 7	 tilted	 plane-wave	 channels	 are	
encoded	with	 a	 40-Gbit/s	 16-QAM	 signal.	 Our	 approach	
comprises	 two	 identical	 linear	 fiber-arrays	 placed	
approximately	5	m	apart.	As	each	fiber	array	is	placed	at	
the	back-focal-plane	of	a	spherical	 lens,	each	fiber	array	
is	 effectively	 placed	 in	 a	 conjugate	 image	 plane	 of	 the	
other.	A	channel	crosstalk	less	than	26	dB	is	shown,	with	
a	bit-error-rate	below	the	FEC	threshold	of	3.8	×	10−3.		
OCIS	codes:	(200.2605)	Free-space	optical	communication,	
(200.4650)			Optical	interconnects,	(060.1660)			Coherent	
communications,(060.4230)	Multiplexing,	(060.4510)		Optical	
communications	
		
In	 recent	 years	 the	 utilization	 of	 optical	 properties	 beyond	 the	widely	implemented	wavelength,	amplitude	and	polarization	of	light	to	increase	 the	 available	 data	 capacity	 of	 communication	 links,	 has	become	an	area	of	key	study.	One	such	area	is	multiplexing	using	the	spatial	 degree	 of	 freedom	 of	 an	 optical	 beam	 [1].	 One	 sub-area	 of	space-division-multiplexing	 (SDM)	 is	 mode-division-multiplexing	(MDM),	in	which	multiple	modes	are	efficiently	multiplexed	and	carry	independent	data	channels	[1–5].		For	a	free-space	communication	link	over	relatively	short	distances,	like	 those	 used	 for	 optical	 interconnects,	 it	 has	 been	 shown	 that	 a	transmitter	array	can	be	imaged	on	to	a	matched	receiver	array	with	a	particular	arrangement	of	 lenses	 [6,7,8,9].	 In	1996,	one	such	system	was	demonstrated	 to	work	over	10	 cm	 link	 length	with	 a	 total	 link	capacity	 of	 1.6	 Gbit/s	 [10].	 Imaging	 techniques	 have	 also	 been	demonstrated	 for	 infrared	 line-of-sight,	 and	 non-line-of-sight	 links;	these	receivers	are	known	as	Imaging	Diversity	Receivers	[11].	In	the	case	 where	 an	 emitting	 point	 source,	 such	 as	 single	 mode	 fiber,	 is	placed	at	 the	back-focal	plane	of	 a	 spherical	 lens	 a	 truncated	plane-wave	is	produced	[11].	If	one	varies	the	spatial	locations	of	the	fiber	it	will	result	in	a	plane-wave	that	is	tilted,	where	this	tilt	varies	directly	with	 the	 change	 in	 spatial	 location	 [12].	 Hence,	 using	 a	 number	 of	spatially	separated	fibers,	such	as	linear	fiber	array,	a	set	of	channels	can	be	produced;	where	each	channel	produces	a	plane-wave	with	a	
different	 angular	 tilt.	 A	 second	 lens	placed	 at	 the	 receiver	 separates	these	tilted	plane-waves	in	spatial	location	at	its	back	focal	plane	with	relatively	low	crosstalk	(see	Fig.1)	[12].	We	note	that	plane-waves	in	the	 context	 of	 a	 communications	 link	 have	 been	 postulated	 to	 offer	comparable	channel	capacity	to	other	orthogonal	mode	sets	[12],	along	with	being	shown	to	potentially	be	more	resilient	to	crosstalk	induced	by	atmospheric	 turbulence	 than	LG	modes	 [14,15].	Our	approach	 is	similar	 to	 line-of-	 sight	 (LOS)	 MIMO	 implemented	 in	 RF	 wireless	communications,	where	 an	 array	 of	 spatially	 separated	 transmitters	and	receivers	are	used.	However,	our	approach	does	not	require	the	digital	 signal	 processing	 (DSP)	 commonly	 required	 in	 RF	 links	[16,17,18].	A	 key	 requirement	 for	 an	 SDM	 link	 is	 the	 ability	 to	 efficiently	separate	and	detect	 the	multiplexed	channels.	For	 the	case	of	plane-waves,	 the	 ability	 to	 resolve	 the	 different	 plane-wave	 channels	 is	connected	with	 the	 diffraction	 limit	 of	 the	 optical	 system	 [12,14].	 A	tilted	 plane-wave	 can	 described	 in	 the	 z-y	 plane	 as,		 𝐸! = 𝐴 exp(𝑖𝑘𝑧 + 𝑖𝑚𝛼𝑦 𝑘)																																(1)		where	z	and	y	are	the	longitudinal	and	vertical	Cartesian	coordinates	respectively,	k	is	the	wavenumber,	m	is	the	channel	number	and	α	is	
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FIG.	 1.	 A	 spherical	 lens	 focuses	 a	 collimated	 incident	 optical	beam	to	a	diffraction-limited	point	at	its	back	focal	plane	(a-c).	For	such	 an	 input	 the	 propagation	 direction	 of	 the	 optical	 beams	results	in	a	linear	shift,	∆y,	of	the	focused	spot.	This	linear	shift	is	directly	related	to	the	angular	tilt,	α,	with	respect	to	the	system’s	axis,	which	is	defined	by	the	center	of	the	spherical	lens	
the	angular	tilt	between	any	two	channels	[12,14].	For	a	given	aperture	size	L,	there	is	a	minimum	requirement	that	α	=	2π/L	for	the	plane-wave	 states	 to	 be	 orthogonal	 [14].	 Therefore,	 plane-waves	with	 tilt	angles	 larger	 than	 this	 minimum	 value	 of	 α,	 could	 potentially	 be	separated	in	the	far-field	with	relatively	low	crosstalk	(see	Fig.	1).	Generation	of	these	tilted	plane-waves	can	be	achieved	though	the	use	of	an	optical	device	that	induces	a	direction	of	propagation	change	to	an	optical	beam;	such	a	device	could	be	a	prism,	lens,	grating,	spatial	light	 modulator	 and	 MEMS	 array	 [19,	 20].	 In	 SDM	 systems,	 it	 is	important	to	have	efficient	methods	for	the	multiplexing	(mux)	and	de-multiplexing	 (demux)	 of	 the	 independent	 channels	 [2,	 5].	 Hence,	efficient	 and	 straightforward	 techniques	 to	 mux	 and	 demux	 tilted	plane-waves	is	important	in	achieving	SDM	free-space	links.	In	 this	 paper,	 we	 demonstrate	 a	 free-space	 communication	 link	multiplexing	7	tilted	plane-waves,	with	a	straightforward	mux-demux	architecture	 that	 operates	 over	 a	 link	 of	 ~5	 meters	 in	 length.	 The	number	of	resolvable	fiber	elements	in	the	fiber	array	determines	the	number	of	available	channels	and	a	fiber	array	with	seven	40-Gbit/s	16-quadrature-amplitude-modulation	 (QAM)	data	channels	are	used	in	our	demonstration.	The	measured	channel	crosstalk	is	less	than	26	dB,	 with	 a	 bit-error-rate	 (BER)	 that	 is	 below	 the	 forward-error-correction	 (FEC)	 limit	 of	 3.8	 ×	 10−3.	 The	 demonstrated	 system	capacity	is	280	Gbit/s.	The	7-element	linear	fiber	array	used	in	our	system	are	composed	of	single	mode	fibers,	which	are	each	separated	by	127μm.	The	fiber	array	is	placed	in	the	back	focal	plane	of	a	200-mm	lens,	which	has	an	aperture	diameter	of	75	mm.	The	spherical	 lens	in	this	arrangement	approximately	performs	a	Fourier	transform	of	the	light	emitted	by	the	single	mode	fiber,	as	shown	in	Fig.	1.		In	the	theoretical	case	that	each	fiber	produced	a	beam	with	a	spatial	profile	corresponding	to	a	Dirac-delta	 function,	 such	 a	 Fourier	 transforming	 lens	would	 generate	 an	infinite	 plane-wave.	 The	 direction	 that	 plane-wave	 propagates	 is	determined	by	the	position	of	the	fiber	at	the	back-focal-plane	of	the	Fourier	transforming	lens	[12].	In	our	experimental	realization	Dirac-delta	 functions	 are	difficult	 to	produce;	however,	 single	mode	 fibers	provide	 a	 diffraction-limited	 source	 that	 can	 be	 used	 in	 a	 similar	fashion	[12].	Our	single	mode	fibers	produce	a	beam	with	a	Gaussian	spatial	profile	that	yields	a	truncated	plane-wave	when	collimated	by	a	lens.	The	direction	of	propagation	is	also	determined	by	the	position	of	the	 single	mode	 fiber	 in	 the	 back-focal-plane	 of	 the	 collimating	 lens	(L1).	Hence,	a	 linear	array	of	 fibers	will	provide	a	set	of	multiplexed	
truncated	plane-waves,	in	which	each	are	tilted	slightly	with	respect	to	all	others	as	a	function	of	the	fiber	separation,	Fig.	2.		In	the	case	of	our	fiber	array	with	a	fiber	spacing	of	127	μm,	the	tilt	between	each	truncated	plane-wave	channel	is	α	≈	62π/L,	where	L=75	mm.	 Therefore,	 our	 demonstration	 generates	 plane-waves	 with	 an	angular	tilt	separation	great	than	the	minimum	requirement.	It	should	be	 noted	 our	 experimental	 realization	 produces	 truncated	 plane-
FIG.	2.	A	40	Gbit/s	16	QAM	signal	is	modulated	onto	an	optical	carrier	with	a	wavelength	of	1550	nm.	The	source	signal	is	split	into	7	fiber	delay	lines	of	different	length.	Each	delay	line	is	chosen	such	that	the	encoded	signal	on	each	channel	is	uncorrelated	from	all	others.	These	7	channels	are	subsequently	connected	to	each	of	the	fibers	in	the	fiber	array,	where	a	200mm	focal	length	lens,	L1,	collimates	the	output.	After	propagation	a	second	200	mm	lens,	L2,	 then	collects	 the	beam.	Both	L1	and	L2	 are	75	mm	in	diameter	and	have	a	numerical	aperture	of	approximately	NA=0.188,	which	is	slightly	higher	then	that	of	the	single-mode	fibers,	NA=0.13.	The	collected	optical	signal	is	focused	to	a	further	fiber	array,	where	two	mirrors,	M1	and	M2,	and	a	3-axis	stage	is	used	to	couple	the	light	into	the	receiver	single-mode	fibers.	A	coherent	detector	independently	analyzes	each	channel.		
	
	FIG.	3.	(a)	A	numerical	simulation	of	the	optical	system	gives	the	expected	 channel	 crosstalk	 for	 the	 free-space	 link.	 (b	 A	measurement	of	the	power	in	all	7	channels	is	made	for	each	of	the	7	 input	 channels,	 yielding	 the	 experimentally	 measured	 power	matrix.		
waves,	 which	 are	 not	 strictly	 orthogonal	 but	 yet	 can	 still	 produce	relatively	low	crosstalk.		The	 channels	 are	 propagated	 over	 a	 ~5m	 free-space	 link.	 The	 7	channels	are	de-multiplexed	by	a	receiver-side	further	spherical	 lens	(L2),	 focusing	 the	 power	 corresponding	 to	 each	 channel	 to	 an	independent	 spatial	 location	 based	 on	 the	 tilt	 angle	 of	 the	 incident	truncated	plane-wave,	Fig.	2.	A	second	fiber-array	is	placed	in	the	back-focal-plane	of	L2,	 collecting	 the	power	associated	with	each	channel	into	an	independent	single–mode	fiber.	To	recover	the	data	carried	on	each	of	the	7	channels,	the	fiber	array	is	connected	to	a	fiber	selector,	allowing	a	coherent	detector	to	individually	analyze	each	channel.	An	experimental	measurement	of	the	channel	crosstalk	is	achieved	by	measuring	 the	power	coupled	 into	each	of	 the	 independent	 fiber	channels	 (Fig.3	 (b)).	 The	 experimentally	measured	 results	 achieved	nearest	neighbor	crosstalk	between	-26	and	-33	dB,	depending	on	the	particular	channel,	Fig.	3	(b).	We	believe	that	the	increased	crosstalk	arises	 partly	 from	 physical	 aberrations	 in	 the	 optical	 components;	however	the	crosstalk	is	adequate	for	digital	modulation	formats	such	as	 high	 order	 QAM.	 	 The	 optical	 surface	 quality	 of	 the	 lenses	 used	within	the	system	could	be	a	source	of	aberration.	We	postulate	that	improving	 the	 quality	 of	 the	 lenses	 used	 in	 the	 optical	 setup	 could	reduce	the	measured	channel	crosstalk.	To	assess	the	quality	of	the	free-space	optical	link,	a	40-Gbit/s	16-QAM	signal	is	encoded	on	each	of	the	7	tilted	plane-wave	channels.	The	16-QAM	electrical	data	signal,	carrying	a	pseudo	random	bit	sequence,	is	 created	 using	 an	 arbitrary	 waveform	 generator	 (AWG)	 and	 then	modulated	 on	 the	 1550nm	 optical	 carrier	 using	 a	 QAM	modulator.	Since	7	independently	multiplexed	channels	were	required,	the	optical	signal	 was	 split	 between	 the	 7	 channels	 and	 a	 relative	 delay	 was	introduced	in	order	to	achieve	each	to	give	uncorrelated	channels.	The	delay	was	introduced	by	varying	the	fiber	optical	path	length	of	each	channel	 Fig.	 2.	 After	 propagation	 over	 the	 free-space	 channel,	 the	plane-waves	channels	are	de-multiplexed	and	a	coherent	detector	 is	used	 to	 analyze	 the	 signals.	 To	 analyze	 the	 system	 performance	constellation	 plots	 and	 error	 vector	 magnitudes	 for	 all	 7	 16-QAM	channels	are	acquired	with	a	mean	signal-to-noise	ratio	of	19.5	dB,	Fig.	4	 (a-g).	A	measurement	 of	 the	BER	of	 the	 system	 in	 relation	 to	 the	optical	signal-to-noise-ratio	(OSNR)	finds	that	all	channels	achieved	a	BER	below	an	FEC	limit	of	3.8×10−3,	Fig.4	(h).		
Over	our	5m	link	the	optical	power	loss	from	transmitter	to	receiver	was	 approximately	 11	 dB,	with	 a	 variation	 of	 approximately	 ±1	 dB	between	each	channel.	We	believe	that	these	losses	arise	partly	from	the	 non-ideal	 single	 mode	 fiber	 coupling,	 as	 there	 is	 a	 mismatch	between	the	numerical	aperture	(NA)	of	the	coupling	lens	(NA	=	0.19)	and	that	of	the	optical	fiber	(NA	=	0.13).	Further	sources	of	power	loss	could	be	optical	alignment	and	system	aberrations.		Although	we	used	a	5	m	link	length,	a	longer	length	could	potentially	be	 implemented.	 However,	 as	 each	 tilted	 plane-wave	 channel	 is	propagating	 in	 a	 slightly	 different	 direction,	 one	 would	 likely	experience	 channel	 dependent	 power	 loss.	 This	 channel	 dependent	power	 loss	 will	 increase	 with	 propagation	 length,	 as	 our	 truncated	plane-waves	 slowly	 propagate	 away	 from	 one	 another	 and	 will	 no	longer	 be	 fully	 captured	 by	 the	 receiver	 aperture.	 For	 the	 system	specification	 given	 above,	 a	 numerical	 simulation	 of	 the	 channel	dependent	loss	is	shown	in	Fig.	5	for	a	link	length	of	up	to	100	meters;		
FIG.	4.	A	40	Gbit/s	16	QAM	signal	is	encoded	on	to	each	of	the	7	tilted-plane-wave	states	used	in	the	free-space	link.	The	constellation	plots	for	each	of	the	7	received	40	Gbit/s	16	QAM	signals	were	measured	along	with	an	error	vector	magnitude	(EVM)	as	shown	below	each	constellation	(a-g).	The	mean	signal-to-noise	ratio	was	19.5	dB.	
FIG.	5.	Modeled	channel-dependent	loss	for	up	to	a	propagation	distance	of	100	m	for	a	set	of	7	plane-waves	generated	by	a	fiber	array	with	127μm	spacing.	 Through	the	 adjustment	 of	 the	 fiber	separation	one	can	reduce	the	modal-dependent	loss	in	the	system	to	tune	it	for	a	particular	operational	distance.		
for	 the	 fiber	 separation	of	 our	 array,	 the	 loss	becomes	 significant	beyond	 40	 meters.	 A	 method	 to	 potentially	 mitigate	 this	 channel	dependent	loss	is	to	reduce	the	separation	between	the	fibers	in	the	array,	or	alternatively	through	the	addition	of	further	demagnification	optics	that	would	reduce	the	effective	separation	between	the	fibers	in	a	conjugate	image	plane.	In	doing	so,	one	could	engineer	an	array	to	suit	to	a	desired	link	length.	However,	fibers	that	are	too	close	together	would	 produce	 beams	 that	 would	 be	 difficult	 to	 resolve	 with	 low	crosstalk	[12].		The	 ability	 to	 scale	 the	 number	 of	 channels	 is	 an	 important	consideration	 in	 assessing	 a	multiplexing	 technique.	 The	 number	 of	supported	plane	waves	 could	be	 larger	 by	 increasing	 the	numerical	aperture	 of	 the	 optical	 system.	 Moreover,	 two-dimensional	 fiber-arrays	 could	 be	 implemented	 in	 an	 optical	 system	 similar	 to	 that	presented	 here.	 Additionally,	 if	 fibers	 can	 be	 placed	 closer	 together,	then	longer	distances	than	5	meters	can	be	achieved.		We	note	that	in	any	 free-space	 optical	 link	 atmospheric	 turbulence	 issues	 are	 a	concern,	where	turbulence	could	place	limitations	on	the	link	capacity	[9].	The	correction	of	optical	aberration	arising	 from	turbulence	 is	a	common	 challenge	 facing	 astronomical	 observations,	 where	 certain	approaches	 might	 be	 applied	 for	 correction	 in	 free-space	 optical	communications	links	[20,21,22].		In	addition	to	increasing	the	number	of	 spatially	 multiplexed	 channels	 one	 could,	 with	 use	 of	 suitably	achromatic	 lens	 at	 the	 sender	 and	 receiver,	 implement	 wavelength	based	multiplexing	 schemes	 [24].	An	 important	 consideration	when	developing	 systems	 for	 free-space	 communication	 is	 the	 choice	 of	wavelength,	as	atmospheric	conditions	could	limit	the	functional	range	of	 such	 a	 system.	 In	 our	 experimental	 realization	we	 choose	 to	 use	1550	nm	as	light	at	this	wavelength	experiences	minimal	absorption	by	water,	and	lower	loses	due	to	Mie-scattering	than	other	commonly	used	optical	communications	frequencies	[25].		In	 summary,	we	 demonstrated	 a	 5-meter	 free-space	 SDM	optical	link	 in	 which	 independent	 channels	 are	 transmitted	 as	 truncated	plane-waves.	The	system	demonstrated	7	channels	with	a	link	capacity	of	280	Gbit/s.	All	channels	were	measured	to	have	a	BER	below	a	limit	of	3.8×10−3.		
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